Occurrence and biology of N,N'-diacetyl-lactosediamine (1acdiNAc)-based complex-type oligosaccharide chains
Instead of the lacNAc unit, however, structural studies have revealed that alternatively a lacdiNAc [GalNAcP( 1-4)GlcNAcI unit may constitute the backbone of complex-type glycans. A considerable number of glycoconjugate glycans containing such a building unit have now been described ( Table 1 ). The group of glycoconjugates carrying such chains is diverse and comprises hormones, transport proteins, enzymes, membrane components, protective glycoproteins, etc. LacdiNAc-based backbone structures may carry terminal sialic acid or fucose residues in structures that are analogous to those occurring on lacNAc chains. Interestingly, termination by or(2-6)-linked NeuAc or sulphation at carbon 4 (of GalNAc in 1acdiNAc) is confined to the glycans of mammalian glycoconjugates. In contrast, terminal a(l-3)-linked Fuc (to form the lacdiNAc analogue of the Lewis" epitope) occurs in vertebrate as well as invertebrate glycans (Table   1 ). On the other hand, several other terminal motifs are only found in invertebrate glycoconjugates. Although these invertebrate structures often seem to be highly antigenic in humans, some of the terminal 1acdiNAc-based structures on mammalian glycoconjugates have been suggested to be high-affinity ligands for animal lectins, thus serving a specific biological function. Thus the 4'-O-sulphated-lacdiNAc epitope occurring on the glycans of lutropin is recognized by a receptor on hepatic endothelial and Kupffer cells, resulting in a functional short halflife of this glycohormone in the circulation [9] . The a3-fucosylated form of IacdiNAc present on the glycans of recombinant protein C has been suggested to confer anti-inflammatory properties on this anti-coagulant factor by being a ligand for E-selectin on vascular endothelium [ 101. Furthermore the immunosuppressive effect of glycodelin A has been proposed to be mediated by the recognition of cr6-sialylated-lacdiNAc termini by CD22 on B-cells, whereas the same epitope and/ 
Volume 25 or 1x3-fucosylated-lacdiNAc on this glycoprotein is believed to be implicated in the contraceptive properties of glycodelin A, through its interaction with a lectin at the surface of spermatocytes or oocytes [ 111.
Biosynthesis of IacdiNAc-based glycan chains
In view of the suggested implication of 1acdiNAc-based complex-type glycans in these biological events, we set out to study the biosynthesis of such chains by examining the enzymology and molecular biology of the glycosyltransferases involved. As 1acdiNAc-based chains occur relatively abundantly on invertebrate glycoconjugates, we initiated these studies in lower animals. Indeed we were able to identify and characterize an active UDP-GalNAc: It acts analogously to mammalian P4-Gal-T and resembles this enzyme by showing very similar acceptor properties, being capable of acting on non-reducing terminal P-GlcNAc residues regardless of the underlying structure and aglycone as follows:
Furthermore it does not share acceptor properties with other described P.l-GalNAc-Ts, such as the enzymes involved in the synthesis of the Sd" blood group determinant, ganglioside GM, and chondroitin sulphate [ 121, which distinguishes the 'lacdiNAc synthase' from these other enzymes. A P4-GalNAc-T has been previously described in pituitary glands that specifically functions in the synthesis of lacdiNAc units on the glycans of pituitary glycohormones, such as lutropin and follitropin, by recognizing a ProXaa-ArglLys tripeptide motif next to the glycosylation site of the hormone [16] . However, substrate-specificity studies on the invertebrate P4-GalNAc-Ts and kinetic analysis using different glycopeptide substrates, including the a-subunit of human chorionic gonadotrophin which carries the aforementioned tripeptide motif, indicated that the invertebrate enzymes are also clearly different from the pituitary enzyme and are not hormone-specific [ 12,131.
Similarity of invertebrate 14-GalNAc-T and mammalian /?4-Gal-T
A unique property of mammalian P4-Gal-T is that its specificity can be modified from acting on GlcNAcP-R acceptors to acting on Glc to yield GalP(1-4)Glc (lactose) in the presence of the milk protein a-lactalbumin [ 1,171. This typically happens during lactation in the mammary gland.
Because of the resemblance of reactions catalysed by P4-GalNAc-T and P4-Gal-T, we investigated whether the invertebrate P4-GalNAc-T would similarly be responsive to a-lactalbumin. Interestingly, the P4-GalNAc-T of the albumen gland of L. stagnalis, but not the T. ocellata enzyme, appeared to share with P4-Gal-T the responsiveness to this milk protein. In its presence, the snail P4-GalNAc-T can act on Glc to yield GalNAcP(1-4)Glc [17] . This is the second example of a glycosyltransferase, the specificity of which can be altered by a modifier protein.
Together with the shared acceptor specificity, it suggests that the snail P4-GalNAc-T and mammalian P4-Gal-T show similarity at a molecular level.
LacdiNAc synthesis in bovine mammary gland
Following our studies on invertebrate enzymes, we were subsequently able to identify a P4-GalNAc-T activity in bovine lactating mammary-gland membranes amount to 7-10% of the activity of P4-Gal-T (I. M. Van Remarkably, the mammary-gland P4-GalNAc-T resembles the invertebrate rather than the pituitary P4-GalNAc-T in its acceptor specificity and in its inability to recognize the Pro-Xaa-ArgILys motif in glycoprotein substrates. Like the snail albumen-gland enzyme, it appears to be responsive to a-lactalbumin. Interestingly, small quantities of the product expected from a putative P4-GalNAc-T-a-lactalbumin complex, GalNAcP( Schiphorst, unpublished work). It is known that P4-Gal-T can promiscuously utilize UDP-sugar donor substrates other than UDP-Gal [25] . However, by the use of an antibody that is inhibitory to P4-Gal-T as well as by competition studies, it could be demonstrated that the activity in the mammary gland is due to a genuine P4-GalNAc-T, which can be concluded to be not hormone-specific. A hormone-non-specific P4-GalNAc-T activity was suggested previously to occur in human embryonic kidney and several malignant cell lines [26] .
The IacdiNAc pathway of complex-type oligosaccharide synthesis
Together our results have led us to propose the existence of a '1acdiNAc pathway' of complextype oligosaccharide synthesis that is controlled by P4-GalNAc-T and occurs in vertebrates as well as invertebrates [7, 8, 12, 27] (Figure 1 ). When concurrently expressed in the same Golgi compartment the P4-GalNAc-T may compete with the P4-Gal-T for common acceptor sites, and the relative activity of these key enzymes may then determine which pathway will prevail. In the lacdiNAc pathway some of the terminal sugars (shown in Table 1 ) may be added by the same glycosyltransferases that act on lacNAc-type oligosaccharides, but others are introduced by 1acdiNAc-specific enzymes [7, 8] . It is of interest to note that P3-GlcNAc-T (i-enzyme) [6] it was expected that it should be possible to isoglycosyltransferases each controlling a separate pathway. /l-Galactosylation, as catalysed by /14-Gal-T is the first committed step in the IacNAc pathway leading to the formation of the common Galb( I -4)GlcNAc unit occurring on protein-and lipid-linked oligosaccharides. In the IacdiNAc pathway, which is controlled by 84-GalNAc-T. oligosaccharide structures are formed that are based on GalNAcj( I -4)GlcNAc. Further additions of NeuAc. Fuc, Gal and SO; moieties can take place in both these pathways. The chitobio variant pathway is controlled by a novel b4-GlcNAc-T. The unit formed by that enzyme [GlcNAc/I( I -4)GlcNAcI might be acted upon by the P4-Gal-T and the 4-GalNAc-T, and the resulting product structure may subsequently be channelled into the IacNAc or IacdiNAc pathway. Chitobio pathway late DNA sequences coding for P4-GalNAc-T by low-stringency hybridization using P4-Gal-T cDNA as a probe. As L. stagnalis tissues show no apparent P4-Gal-T activity, we attempted this approach with genomic DNA and cDNA libaries from the snail. Indeed hybridizing genomic clones and several cDNAs could be isolated. A cDNA from a snail prostate-gland library appeared to be a full-length clone that coded for a protein with a domain structure typical of a glycosyltransferase and showing stretches of considerable sequence similarity to P4-Gal-T [28]. Unexpectedly, expression of this cDNA resulted in the production of an enzyme that catalyses the transfer of GlcNAc, rather than Gal (<1%) or GalNAc ( -7%) in P( l-4)-linkage to P-N-acetylglucosaminides [2, 28] . This novel p4-GlcNAc-T had not been described before and its existence could not be predicted from known oligosaccharide structural data. Activity of a naturally occurring form of this enzyme was found in the prostate gland of the snail. Acceptor-specificity studies on a recombinant form of the enzyme expressed in insect cells showed that it is far
Molecular cloning and function of a novel 84-GlcNAc-T from snail (the
Volume 25 more restricted in acceptor usage than P4-Gal-T. Oligomers of P4-GlcNAc were relatively poor acceptors, indicating that this enzyme is not involved in the synthesis of chitin-like molecules. Furthermore both its polypeptide structure and acceptor-specificity reveal that it is not implicated in the synthesis of the chitobiose core of N-linked glycans. Preferred substrates appear to be those that contain a /I-GlcNAc residue attched to C-6 of Gal or GalNAc residues, as are found in vertebrate blood-group I-active and 0-linked core 2-and 4-based oligosaccharides respectively. It is proposed that the enzyme functions in a novel variant pathway of complex-type oligosaccharide synthesis, the 'chitobio pathway', which might be common in the snail [2, 27] ( Figure 1 ). For example, as snail P4-GalNAc-T efficiently acts on GlcNAcP( 1-4)GlcNAc [ 131, the concerted action of the two glycosyltransferases might lead to the formation of a GalNAcP( 1-4)GlcNAcP( 1-4)GlcNAc structural element on certain snail glycans. Interestingly, this element has been reported as a minor constituent on the glycans of the snake venom serine protease batroxobin [29] .
Genomic organization of the p4-GlcNAc-T gene
The snail P4-GlcNAc-T gene shows an intronexon partition that is remarkably similar to that of mammalian p4-Gal-Ts. Although the snail gene contains ten exons spanning approx. 12.5 kb, whereas the murine p4-Gal-T gene comprises six exons over approx. 50 kb [30] , several exons in the snail gene show a high sequence identity (up to 56% at the amino acid level) with corresponding exons in the P4-Gal-T gene [31] (Figure 2) , which are believed to encode the catalytic domain [32-361. Two of the exons in the snail gene (exon 7 and 8) show a high degree of sequence similarity to part of the preceding exon 6, suggesting that they have originated by exon duplication. The corresponding 'singlecopy' exon in the P4-Gal-T gene (exon 5) has been proposed to be implicated in nucleotidesugar donor binding [33, 35] . T o investigate whether these repeated exons (7 and 8) would contribute to the nucleotide-sugar donor specificity of the P4-GlcNAc-T, a mutant enzyme was generated in which the sequence encoded by these exons was deleted. Remarkably, the mutant enzyme showed not only an elevated kinetic efficiency for UDP-GlcNAc, but also (to an even greater exstent) for UDP-GalNAc. Moreover, the
Comparison of the organization of the murine P4-Gal-T gene and the 1. stagnalis P4-GlcNAc-T gene
The /?4-Gal-T gene (approx. 50 kb) contains six exons that encode the enzyme [30] . In contrast, the fi4-GlcNAc-T is encoded by ten exons on a gene that i s much shorter (approx. 
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kinetic efficiency for acceptor substrates was increased too. Thus an enzyme had not only been created with an enhanced catalytic potential, but also with an increased sugar-donor promiscuity. These results suggest that at least part of the donor-and acceptor-binding domains in the P4-GlcNAc-T are structurally linked and that the region encoded by exons 7 and 8 contributes to acceptor recognition as well as to UDPsugar donor binding and specificity.
The p4-galactosyltransferase family
The extensive sequence similarity found for P4-Gal-T and P4-GlcNAc-T cDNAs, the similar organization of the genes coding for these enzymes, and the properties shared by P4-Gal-T and P4-GalNAc-T suggest that these three glycosyltransferases might be evolutionarily related and represent members of a novel glycosyltransferase family, 'the P4-galactosyltransferase family' [ 7, 371 . Amino acid sequence comparisons of the P4-Gal-T and P4-GlcNAc-T with related sequences predicted from Caenorhabditis elegans DNA [38] resulted in the identification of three stretches of highly conserved amino acids that fall within the putative catalytic domain (in exon Searches in the databases revealed the presence of many different expressed sequence tags with varying identity with P4-Gal-T, all of which contained the three conserved boxes. Furthermore it was found that many animal species contain two or more different transcripts that may encode candidate members of the P4-galactosyltransferase family. It may be speculated that all members share similar acceptor-substrate requirements, establish the same type of linkage [P (1-4) to GlcNAc], utilize a UDP-sugar as donor substrate, but differ in the preference for the sugar that is transferred. Further analysis of the common sequences will contribute to our insight into the evolutionary relationships within this family and might reveal relationships with yet other glycosyltransferases, such as certain glucuronyltransferases and glucosyltransferases. 
